Abstract The field of regenerative medicine has experienced considerable growth in recent years as the translation of pre-clinical biomaterials and cell-and gene-based therapies begin to reach clinical application. Until recently, the ability to monitor the serial responses to therapeutic treatments has been limited to post-mortem tissue analyses. With improvements in existing imaging modalities and the emergence of hybrid imaging systems, it is now possible to combine information related to structural remodeling with associated molecular events using non-invasive imaging. This review summarizes the established and emerging imaging modalities that are available for in vivo monitoring of clinical regenerative medicine therapies and discusses the strengths and limitations of each imaging modality.
Introduction
Regenerative medicine aims to replace, regenerate, or restore function within damaged or diseased organs, tissue, and cells through a variety of technologies and approaches such as gene therapy, stem and progenitor cell therapy, and tissue engineering [1] . Many physiological systems have served as targets for regenerative therapies; however, evaluation of the effectiveness of regenerative approaches has traditionally been limited by the inability to serially monitor implanted cells or biomaterials and physiological responses to therapy. Specifically, the fate of gene-and cell-based therapies, as well as the rate of scaffold degradation and timing of associated molecular events, has been challenging to track in vivo [2] .
Recent advancements in functional and targeted imaging agents as well as clinical imaging systems are beginning to offer novel techniques for the assessment of serial responses to various forms of regenerative therapies. Primary clinical imaging tools consist of ultrasound, X-ray computed tomography (CT), single photon emission tomography (SPECT), positron emission tomography (PET), and magnetic resonance (MR) imaging. Although each modality has advantages and disadvantages (Table 1) , the emergence of hybrid imaging systems such as SPECT/CT, PET/CT, and PET/MR now allows for the co-registration of high-sensitivity radiotracerbased molecular imaging with higher-resolution anatomical CT or MR imaging. These multimodality systems enable application of anatomic information from CT or MR for colocalization and absolute quantification of radiotracers with correction of scatter and attenuation and partial volume errors that complicate radiotracer-based imaging, decreasing imaging artifacts from surrounding non-target soft tissues. More specifically, the result of combining structural and functional imaging modalities has improved quantification of uptake for targeted molecular radiotracers with improved localization to specific sites of regenerative therapies [3] . Molecular imaging has been used to evaluate physiological and pathological processes in response to regenerative therapies, with common clinical applications focused on various forms of cancer [4] , cardiovascular [5, 6] and metabolic [7 •• , 8, 9] disease, and neurological trauma [10, 11] .
In addition to established tools for non-invasive assessment of physiological processes, recent imaging work has focused on optimizing molecular probes that can allow for in vivo serial tracking of transplanted cells for clinical regenerative medicine. Current technology for tracking transplanted cells in humans first requires cell labeling via direct or indirect labeling. Direct labeling consists of using molecular probes (nanoparticles or radiotracers) that are actively/passively transported and trapped within cells, whereas indirect labeling involves transfection of cells using reporter gene constructs that are integrated into the cellular genome by viral or non-viral vectors. Both labeling strategies are capable of producing an imaging signal that is detectable by modalities such as SPECT, PET, and MR [12] . Reporter gene labeling appears to be the ideal labeling technique for non-invasive tracking of transplanted cell fate for a period of weeks, months, or years; however, clinical trials to date have primarily utilized direct labeling techniques to track cells, which may be due to ongoing safety concerns related to genomic manipulations and prolonged behavior of gene products within patients [13] . Ultimately, the success of clinical regenerative trials will be dependent on the engraftment, survival, and integration of transplanted cells into targeted tissue or organs. Ongoing problems remain with regard to optimizing the site and timing of cell delivery, and clinical trials utilizing non-invasive imaging for tracking of cell fate have to date demonstrated poor rates of cell retention, irrespective of the methodology incorporated for cell delivery. Further development and application of molecular imaging in clinical trials should improve evaluation of cell fate in target tissue and lead to quantitative tools for non-invasive tracking of transplanted cells [12] .
The following sections review the most established and emerging clinical imaging modalities that have been used to target gene-and cell-based therapies and describe their past, present, and potential applications in regenerative medicine clinical trials. Additionally, relative advantages, limitations, and potential safety issues are discussed for each imaging approach.
Radiotracer Imaging
SPECT and PET are the primary nuclear imaging modalities that can be used for radiotracer-based evaluation of a variety of molecular processes, such as angiogenesis, inflammation, and metabolism [14] . Both SPECT and PET provide three-dimensional functional images through the detection of gamma rays that are emitted from isotopes having varying half-lives and energies and have been effectively used for targeted imaging. Although SPECT and PET provide the highest sensitivity out of the whole body clinical modalities for molecular imaging, both 99m Tc, which was also associated with greater improvements in left ventricular function at 6 months following treatment. To date, there is not one specific delivery technique or direct cell labeling strategy that has proven to be superior in clinical trials, and the ability to perform long-term tracking of transplanted cells with SPECT and PET remains elusive.
A potential solution to long-term cell tracking may exist in the development of novel reporter genes, which allow for SPECT or PET imaging of viable transfected cells that retain radiotracers following intravenous injection and can thus be imaged at various time points after initial cell transplant. The first clinical trial to incorporate reporter gene technology was performed in a patient with glioblastoma and used the PET reporter 18 Ongoing development of SPECT and PET imaging approaches for long-term tracking of labeled cells should greatly enhance the application of nuclear modalities in regenerative clinical trials. In addition to tracking of cell fate, nuclear approaches may also permit evaluation of physiological consequences of cell engraftment, such as monitoring of the angiogenic response to therapy, which has recently been applied in the setting of myocardial infarction [28] .
Further development of hybrid imaging approaches such as PET-MR, which provide high resolution and low radiation characteristics, should continue to expand the application of nuclear imaging technology.
CT Imaging
CT imaging has been a primary non-invasive diagnostic technique since initial development and application in the 1960s and 1970s. Three-dimensional CT images are created using X-rays that are emitted from a source, transmitted through a patient, and detected by a detector array [29] . CT imaging possesses excellent penetration depth and spatial resolution, as well as high contrast for visualizing certain anatomical structure, particularly bone [30], making CT a useful imaging tool for evaluating structural and morphological changes in tissue-engineered constructs implanted in patients that have contraindications for MR. However, X-ray sources emit ionizing radiation that can damage DNA, and iodinated contrast agents for CT imaging can be toxic for patients with impaired renal function. Although CT is useful for bone and vascular imaging, this technique is limited by suboptimal contrast within soft tissue. To date, CT is usually applied in the evaluation of regenerative medicine through pairing with targeted molecular imaging approaches such as SPECT and PET.
Although CT is not currently used as a stand-alone imaging modality for molecular imaging, targeted contrast agents are currently in development for clinical translation [29] . Standard CT contrast agents approved for clinical use are composed of iodinated small molecules or barium suspensions that possess a short half-life in blood. The characteristics of CT contrast agents make them ideally suited for cardiac and vascular imaging; however, recent research has been focused on the development of nanoparticles that possess longer blood pool circulation time, which may offer the ability to track transplanted cells in vivo and target-specific molecular processes. Nanoparticles containing various types of coating material, such as polymer, lipid, protein, and silica have been investigated pre-clinically to increase blood halflife and modulate solubility in blood and tissue [31-34] with coatings that can be specifically tailored to include different targeting moieties [29, 35, 36] . Additionally, nanoparticles can be formulated to contain materials capable of generating high levels of contrast that would otherwise not be attainable with small molecules such as iodine [37, 38] . CT technology for tracking of transplanted cells in vivo continues to experience challenges due to poor sensitivity of CT and complications associated with contrast loading of transplanted cells; however, pre-clinical efforts are continuing to evolve and show potential for clinical application [39] [40] [41] .
Spectral CT is a new imaging approach that may assist in clinical translation of targeted CT imaging of regenerative medicine therapies through the differentiation of various contrast agents or materials simultaneously by recognition of the X-ray energy associated with each respective material. Multiple imaging channels can be set to match the K-edges of materials in targeted tissues of interest and generate color-coded images [42] . Spectral CT has been used to distinguish materials such as gold, iodine, bismuth, ytterbium, gadolinium, and calcified tissue [29] . Pre-clinical application has demonstrated the ability to simultaneous characterize vessel stenosis, calcification, and macrophage content within atherosclerotic plaque, suggesting that spectral CT may be useful for evaluating tissue-engineered vascular grafts and bioabsorbable stents [43] . Currently, CT imaging represents a complementary tool for molecular imaging approaches; however, as CT technologies continue to develop, new opportunities for targeted CT imaging of regenerative therapies may be recognized.
MR Imaging
MR has been a widely applied modality in the clinical setting due to numerous advantages, such as excellent penetration depth, high soft tissue contrast, and safety. MR uses strong magnetic fields (1.5-10 Tesla) that are capable of polarizing hydrogen nuclei within water molecules in a variety of tissues. Through the process of sending and receiving radio frequency pulse sequences, MR generates high-resolution images that are sensitive for evaluating anatomy, function, and pathology without the use of ionizing radiation [2] .
In the evaluation of tissue-engineering applications, MR is an attractive imaging modality due to the ability to serially evaluate morphological changes in engineered constructs. To date, MR has been used in clinical trials to monitor stenosis and graft failure in tissue-engineered pulmonary valves [44] as well as neovascularization within bovine bone matrix implanted in a sinus lift procedure [45] . Further application of MR sequences, such as phase contrast imaging for the evaluation of luminal flow and wall shear stress characteristics, could lead to further progress in the evaluation of tissue-engineered heart valves and vascular grafts [46] .
One unique characteristic of MR that continues to appeal to researchers involved in translational regenerative medicine is the ability to non-invasively track transplanted cells using superparamagnetic iron oxide nanoparticles (SPIONs). Evaluation of successful cell engraftment and migration can be detected through visualization of decreased signal intensity generated from SPION-labeled cells. The benefits associated with nanoparticle-based MR cell tracking include relatively easy cell labeling, high-resolution imaging of cell migration and homing of injected cells, and cell labeling persistence [ [48] . Recently, Yilmaz et al. [49] exploited the role of macrophages in the inflammatory process using SPIONbased MR imaging of ferucarbotran as a tool for tracking inflammation and visualizing the peri-infarct zone in patients with acute myocardial infarction. Although no clinical trials to date have attempted to track labeled stem cells in the heart with MR, clinical translation of MR tools such as cardiac diffusion tensor imaging (DTI) tractography, which allows for visualization of myofiber alignment following cell transplantation in the heart, may offer novel methods for evaluating the effect of cell therapies following myocardial infarction [50] .
In addition to nanoparticle-labeled cell imaging, MR has the potential for evaluating the functional outcomes associated with cell transplantation in various organs. Brain plasticity, cell differentiation, and re-myelination can be assessed using functional MR [51] , MR spectroscopy [52, 53] , and diffusion MR imaging [54] . Cardiac diffusion tensor imaging has demonstrated reproducibility for evaluating myocyte orientation in patients with hypertrophic cardiomyopathy [55] . Additionally, contrast-enhanced MR imaging with gadolinium has been used to identify a decrease in infarct size and an increase in tissue viability in the myocardium following stem cell therapy in heart failure [56 •• ] and post-myocardial infarction patients [57, 58] .
Although MR offers a high-resolution, high-contrast imaging modality for tracking of transplanted cells and evaluation of structure and function, SPECT and PET remain the primary imaging modalities for targeted molecular imaging due to the low sensitivity and lack of molecular probes available for MR. Ongoing developments in PET/MR systems should provide future opportunities for tracking transplanted cells and associated molecular events through improved co-localization of high-resolution MR imaging with high-sensitivity molecular imaging. In addition to the development of novel hybrid imaging systems incorporating MR, clinical trials are already utilizing MR as a tool for guiding targeted cell delivery [59] [60] [61] . Continued progress in the field of MR should lead to improved safety and quality control of cell transplantation for future regenerative trials.
Ultrasound
Ultrasound is a commonly used non-invasive imaging modality that is capable of generating real-time images of structure, function, and blood flow for various organ systems through the use of reflections and echoes of an oscillating sound wave on tissues [2] . Because of the relatively low cost and easy portability of ultrasound systems, clinicians are able to acquire high spatial and temporal resolution bedside images. Although ultrasound has been a widely accepted clinical imaging tool for many years, ultrasound-based techniques for performing targeted imaging have experienced slow progress. One molecular ultrasound strategy that has been developed that has potential for clinical regenerative medicine applications is contrast-enhanced imaging. Contrast agents that have been created for clinical ultrasound imaging primarily consist of gas-filled, lipid-shelled microbubbles. Due to the relatively large size of microbubbles (1-4 lm diameter), they are trapped within the intravascular space and are capable of imaging the microvasculature, thus restricting their use to disease processes that are associated with vascular endothelial cells, such as angiogenesis, inflammation, and thrombus formation [62] . Microbubbles have potential for targeted imaging via coating with polymers or proteins and can also serve as chemotherapeutic agents by being packaged with various pharmaceuticals [63] . Along with microbubbles, gas-filled (perfluorocarbon) nanoparticles have been developed for ultrasound, demonstrating favorable ultrasound-specific imaging characteristics and the ability to target cell-bound proteins [64] . Although ultrasound is capable of performing high-resolution imaging at high frequencies, the limited depth penetration of frequency waves has thus far prevented the clinical application of contrast-enhanced molecular ultrasound for in vivo tracking of transplanted cells [2] . However, ongoing research is focused on developing targeted contrast agents for clinical translation [65] [66] [67] .
While molecular ultrasound has not proven to be an effective tool for tracking transplanted cells, ultrasound has demonstrated potential for evaluating bioabsorbable tissueengineered vascular grafts in clinical trials [68, 69] . Mechanical stability, graft patency, blood flow, wall degradation, and aneurysm risk are various parameters that have been evaluated with serial ultrasound in autologous [68] and allogenic [69] tissue-engineered vascular grafts. The recent development of intravascular ultrasound (IVUS), which is a miniaturized ultrasound transducer attached to the tip of an arterial catheter, now allows for intravascular imaging of vessel and lumen dimensions, as well as plaque evolution and morphology. Currently, IVUS is being applied in patients to evaluate serial changes in atherosclerotic development in bioresorbable scaffolds used for coronary revascularization [70] and has been incorporated in clinical trials to assist with the deployment of drug-eluting coronary stents [71 • ]. Additionally, application of other ultrasound technologies, such as intracardiac echocardiography (ICE), may improve the guidance of targeted cell delivery in the myocardium of patients following myocardial infarction in future clinical trials [72] .
Ultrasound systems continue to evolve and be integrated with various imaging techniques such as near-infrared spectroscopy and photoacoustic imaging, which should ultimately enhance the future application of ultrasound in the evaluation of tissue-engineered vascular grafts and bioabsorbable and drug-eluting stents [63, 73] . Ongoing development of targeted contrast agents and nanoparticles for molecular ultrasound may facilitate the clinical translation of ultrasound as a tool for non-invasive assessment of regenerative medicine therapies.
Optical Coherence Tomography
In addition to IVUS, optical coherence tomography (OCT) is another imaging modality that is becoming increasingly used for intravascular imaging in the clinical setting. OCT generates images from the emission and reflection of near-infrared light and possesses the highest spatial resolution of all existing imaging modalities, with approximately tenfold greater resolution than ultrasound-based techniques (10-15 lm axial and 20-25 lm lateral). Although OCT possesses superior spatial resolution, this imaging modality is limited by poor penetration depth through blood and tissue (1-3 mm) [73] . Initial time domain OCT (TD-OCT) systems offered limited capability for intravascular imaging due to scatter and attenuation of OCT light by red blood cells. To avoid issues with image signal, early TD-OCT clinical imaging required a balloon occlusion of the vessel of interest combined with a transparent flushing medium for acquisition of intravascular images. Frequency-domain OCT and optical frequencydomain technology have since been developed, which now allows for focused, rapid imaging of long arterial segments without the need for balloon occlusions, thus eliminating the risk for myocardial ischemia or vessel wall damage [74] [75] [76] . Due to the greater spatial resolution of OCT when compared to IVUS, OCT may improve guidance and evaluation of vascular stent deployment. Specifically, the ability of OCT to identify under-or over-expansion of deployed stents, intrastent tissue protrusion, stent edge dissection, and intrastent thrombus may enhance the safety and guidance of interventional procedures in the future. To date, clinical trials have incorporated OCT to evaluate edge dissection following stent deployment [77] and compared OCT-to angiography-guided percutaneous coronary intervention [78 • ], demonstrating the safety and feasibility of using OCT imaging for procedures in interventional cardiology. Continued application of OCT will be required to fully elucidate if this technology is associated with improved clinical outcomes and is superior to IVUS for guidance and evaluation of stent and vascular graft implantation. Ongoing development of devices for regenerative medicine, such as bioabsorbable stents and tissue-engineered vascular grafts, should provide new opportunities for clinical application of intravascular imaging with OCT.
Conclusions
To date, clinical imaging modalities provide a variety of methods for evaluation of regenerative medicine therapies; however, no singular technique exists that offers a perfect all-in-one approach for tracking high-resolution anatomical and high-sensitivity molecular information following transplantation of tissue-engineered constructs or cell-and gene-based therapies. Limitations and questions still remain with regard to the safety and efficacy of delivery methods and optimization of imaging approaches before non-invasive serial tracking of regenerative therapies is optimized for clinical trials. Although many questions remain unanswered, non-invasive imaging should facilitate the future evaluation and clinical translation of novel regenerative medicine therapies. 
